Abstract-Lightning strike causes large transient current injection into hybrid systems at the point of contact. The generated transient overvoltage due to lightning current is a high concern on various expensive electrical equipment of the hybrid system and is meant to be studied in depth to reduce damages caused by this overvoltage. Analysis of lightning transient effects on a hybrid PV-wind system has been carried out in this study. The complete model of the system has been simulated by PSCAD/EMTDC software. The system consists of 2 MW PV farm, 2.1 MW wind farm, energy storage system and load. The entire system is integrated with the utility grid. Lightning current is generated by Heidler function with the help of same software. In this work, two points are selected from hybrid system to inject lightning current. The first point is the DC side of the PV modules whereas the other is the wind turbine tower. In the second case, the partial lightning current is assumed to be injected into the electrical part in the form of arcing. Transient overvoltage has been observed at different locations of the hybrid system by injecting lightning currents; the simulation results are obtained for 50% waveform of negative first stroke and negative subsequent stroke.
INTRODUCTION
The combination of two or more renewable energy (RE) sources with or without conventional energy sources is called a hybrid system. It can work in a grid-connected or standalone mode, where the generated electrical energy from different sources is synchronized and connected to loads. There are many combinations of RE sources, among which the more popular one is the integration of solar PV energy and wind energy. Integration of different RE sources can address the limitations of single sources, with regard to the power reliability, efficiency, fuel flexibility, emissions. The combination may also reduce the total lifecycle cost of the isolated single power source in many situations and overcome the power quality and interruption issues in output power caused by natural factors [1] [2] .
A high capacity of photovoltaic (PV) farm and wind farm can be attained by installing a large number of PV arrays in wide-open areas and wind turbine (WT) with taller structures. Such systems, in turn, encounter higher probability of lightning strikes which is a significant problem in maintaining uninterrupted power quality and safety of the system components. Lightning brings a range of current impulses that vary in both temporal and magnitude characteristics [3] . The developed overvoltages due to lightning strikes travel in both directions of the hybrid system that can damage electrical devices and components such as PV modules, inverters, battery system, WT generator, transformers, insulators, etc. [4] .
Many studies have been performed on the lightning effects associated with PV and WT systems either theoretically [5] [6] [7] or experimentally [8] [9] [10] [11] . However, the studies focus more on isolated RE sources and none on the hybrid system. In the current study, the analysis of lightning effect is carried out to investigate the transient behavior across a hybrid system due to direct negative and positive lightning strokes, the outcome of the study will be of importance to design surge arresters for such a system.
II. MODELLING OF THE SYSTEM IN PSCAD
The design of 4.1 MW hybrid PV-wind system is done using PSCAD/EMTDC software. The system includes 2 MW PV farm, 2.1 MW wind farm, a backup battery system, and 0.3 MW load. The whole system is connected to 0.480 kV AC common bus; the bus is connected to the utility grid through 0.480 kV/33 kV interfacing transformer. The transformer provides electrical isolation between the system and grid network and also steps up the hybrid system voltage to a grid of nominal value. The Pi section is used in order to represent the distance between various parts of the system; the system is operated at a frequency of 60 Hz, Figure 1 illustrates the 4.1 MW grid-connected hybrid system.
A. Modelling of PV Farm
The 2 MW PV farm is made up of five units of PV systems; each unit consists of 4730 PV modules connected in series and parallel to produce 400 kW. These modules are connected to two level -three-phase voltage source inverter (VSI) to convert DC output power of each unit to AC system that can be used either by AC loads or be connected to the grid. The required parameters of PV cell are presented in Table 1 . The grid-connected inverter consists of six insulated gates bipolar transistor (IGBT) diode pairs switches, 7800 μF DC link capacitor, LCL filter and inverter control circuit [12] [13] [14] . The control system of the inverter is implemented using Clarke and Park transformation techniques; the current control mode is used to operate the inverter. The three-phase components (abc) of grid current and voltage are transformed into a dq coordinate. A phase-locked loop (PLL) algorithm was used to find the required phase angle for abc-dq transformation. The d and q components of current and voltage control the active and reactive power flow to the gird by setting the values of id and iq references, in order to calculate and minimize the error between inverter output current and a desired injected current to the grid proportionalintegral (PI) controller was used. After that, the dq coordinate of voltage is converted back into abc coordinate in the stationary reference frame. It produces reference voltages used to generate switching pulses for IGBTs with the help of pulse width modulation (PWM) technique [15] [16] [17] . Temperature coefficient at photo current 0.001
B. Modelling of Wind Farm
2.1 MW wind farm is modelled with fixed speed induction generator; the generator works to convert the produced mechanical energy from rotor into electrical energy. This type of WT is cheap, reliable, robust, simple to maintain and proven to be more effective in the field. The PSCAD library provides components related to WT systems such as a wind source model, WT, induction generator, and governor. The output of the generator is connected to 0.690 kV/0.480 kV step-down transformer [18] . The output power of the wind farm is described by the following equations [19] :
(1) The Heidler function is used in the International Electrotechnical Commission (IEC) standard because it contains different factors allowing for the rise time, fall time, amplitude, and steepness factors to be customized [20] , the modelling of lightning current is illustrated in Figure 2 .
The transient effects analysis due to direct lightning strikes is performed on the hybrid system when no LPS or surge arresters are connected. Two different lightning strokes have been injected into the system in two different cases of simulation. The selected lightning types are negative first stroke and negative subsequent stroke with median waveform parameters (50%). These lightning waveforms are generated by using Heidler function; Figure 3 illustrates the lightning waveform for each type. The parameters of these strokes are presented in Table 3 taken from CIGRE [21] . Figure 3 . 50% waveform of negative first stroke and negative subsequent stroke
These lightning surges are injected individually to the hybrid system at two different points such as DC side of PV system (point A) and WT side (point B). Figure 4 illustrates lightning strike points at the hybrid system. In the WT side is assumed that the lightning current strikes the WT tower and 50% of current magnitude is transferred through an arc into to the electrical system of the wind farm so that in the simulation only half of lightning current magnitude is considered to be injected at point B. 
III. RESULTS AND DISCUSSIONS
The simulation results were obtained for the hybrid system in three cases; steady state condition at a nominal frequency, transient condition due to negative first stroke and transient condition due to negative subsequent stroke.
A. Case 1: Steady State Condition
The simulation results were obtained for 4.1 MW hybrid PV-wind system at normal operation (without a lightning strike) to ensure the performance of the system and observe the efficiency of output power from the system to the grid. The output power, current, and voltage of hybrid system including PV farm and wind farm are illustrated in Figures 5 and 6.
As can be seen from graphs the output power of PV farm is equal nearly to 2 MW. That of the wind farm is equal to 2.1 MW and the total output power of the hybrid PV-wind system is equal 4.1 MW with slight losses. The observed results of current and voltage profiles are pure (clean) three phase sinewave, which do not contain harmonic distortion. This means that the system and inverters are at ideal working performance with optimum efficiency. 
B. Case 2: Negative First Stroke
In this case, 50% waveform of negative first stroke lightning current is injected to the hybrid system at two different points, the results of transient overvoltage and current were observed across the hybrid system at different locations (Figures 7 and 8 ). Figures 7 shows that when 20 kA lightning current was injected at the DC side of PV system, the highest value of overvoltage across the hybrid system is 2.56 kV, obtained at WT side. As per the Figure 8 , when the 10 kA lightning current was injected at WT side the highest amount of overvoltage is 11.37 kV obtained on the same side. This is 4 times higher than the overvoltage results when lightning is injected into the DC side. Serious damage may be caused to the equipment connected to WT side such as transformers and induction generator due to this large overvoltage.
The highest value of observed overvoltage at other points of the hybrid system such as the AC sides of inverters, load and grid side is 1.68 kV Figure 7 ). This is lower than the withstand voltage of the equipment of the system. In terms of the transient current across the hybrid system, Figures 7 and  8 show that the obtained transient currents at DC side of PV system and WT side are almost equal to values of injected lightning currents. However, large transient current is reflected back at grid side with values of 15.35 kA when 10 kA negative lightning stroke is injected at the WT side (Figure 8 ). The overview of complete results of the lightning transient for this case is presented in Table 4 . 
C. Case 3: Subsequent Negative Stroke
Approximately 80% of negative first strokes are followed by several subsequent negative strokes. The 50% parameters of the subsequent strokes have 1.1 µs rising time and 32 µs decay time so that it's important to evaluate the transient effects on the hybrid system due to such a type of lightning. is the same computation described earlier was repeated with the wave shape of the subsequent negative stroke and the transient overvoltage and current at different points of the system were obtained. As can be noticed in Figures 9 and 10 , the observed transient overvoltages across the system for this case are higher than those observed due to the negative first stroke in the previous case, despite the negative first stroke has a larger peak value.
The highest value of transient overvoltage across the system is 3.19 kV, which is caused by the lightning current that is injected to DC side of PV system ( Figure 9 ). However, the highest value of overvoltage for this case is observed at WT side when 5.9 kA lightning current is injected to the same side ( Figure 10 ) This value, 23.9 kV, is twice larger than that observed due to negative first stroke. The result justifies that the amplitude of the induced voltage is due to both peak current and the peak current derivative. The subsequent negative stroke has lower current amplitudes, therefore smaller transient currents were observed across the system as shown in Figures 9 and 10 . The complete results presented in Table 5 . Figure 9 . Observed transient overvoltage and current at different points of the system due to 50%, 11.8 kA subsequent negative stroke when strikes at DC side of PV farm Figure 10 . Observed transient overvoltage and current at different points of the system due to 50%, 5.9 kA subsequent negative stroke when strikes at WT side 
IV. CONCLUSION
In this paper, we have computed the over-voltage waveforms that appear at various parts of the hybrid PVwind system., Tthe possibility of damage depends on the impulse withstanding voltage of each component. At higher amplitudes, smaller rise times and longer pulse widths of lightning current (note that in this study we have considered on the 50% parameters of lightning current) the outcomes will be more severe. Thus, the paper provides vital information for the relevant engineers to select SPDs with the most appropriate ratings for a given point as the paper provides the threat level and the equipment/component specs provide the vulnerability level. The selection of SPD for a given purpose depends on this threat level (Vmax) and component vulnerability; impulse withstanding voltage, maximum energy, and waveform rise-time. The voltage protection level (Up) of the SPD and other parameters should be selected accordingly. University Putra Malaysia for their invaluable support and facilities which lead to the successful completion of this work.
